autosomal dominant bull's-eye macular dystrophy (MCDR2), autosomal dominant CRD (CORD12), and autosomal recessive CRD [6] [7] [8] [9] .
To date, 21 distinct pathogenic mutations of PROM1 have been reported; 19 of them are associated with an autosomal recessive mode of inheritance (Table 1 and Figure 1A ). Here, we report a novel and unique intronic mutation of PROM1, which affects splicing.
METHODS

Subjects and clinical evaluation:
The study protocol was in accordance with the tenets of the Declaration of Helsinki and the ARVO (Association for Research in Vision and Ophthalmology) statement on human subjects. Written informed consent was obtained from the participants or their parents. The research was approved by the local institutional review board at Rambam Health Care Center and by the National Helsinki Committee for Genetic Research in Humans. Anonymous ethnically-matched DNA control samples were obtained from the National Laboratory for the Genetics of the Israeli Population at Tel Aviv University.
The ophthalmic evaluation of the affected individuals included best-corrected visual acuity (BCVA), color fundus photos, spectral domain-optical coherence tomography (SD-OCT) of the macula, visual fields (VFs) Swedish Interactive Thresholding Algorithm (SITA) Fast 24-2, pattern and flash visual evoked potentials (VEPs), and full-field and multifocal electroretinography (ff-ERG and mf-ERG, respectively). ff-ERG recordings were performed at MARAH Ltd in Rambam Health Care Center, Haifa, Israel, using the UTAS BigShot electrophysiological system (LKC Technologies, Gaithersburg, MD), with bipolar Burian-Allen corneal electrodes (Hansen Ophthalmic Development, Coralville, IA) Exon 5 c.622delA p.T208Lfs22X arRP [19] Exon 6 c.642T>A p.Y214X arRP [20] Exon 7 c.730C>T p.R244X arCRD [21] Exon 8 c.869delG p.S290IfsX arRP with macular degeneration [22] Intron 10 c.1142-1G>A arCRD [7] Exon 11 c.1157T>A p.L386X arCRD [23] Exon 11 c.1209-1229del p.Q403-S410del;insH arRP [20] Exon 12 c.1349insT p.Y452Ffs38X arCRD [9] Exon 12 c.1355_1356insT p.Y453Lfs11X arRP [19] Intron 12 c.1454+2T>C arCRD [24] DNA analysis: Venous blood samples were obtained using K3 EDTA Vacuette tubes (Greiner Bio-One, Kremsmunster, Austria), and genomic DNA was extracted using a high salt solution according to a standard protocol [11] . Genome-wide homozygosity mapping was performed using the HumanCytoSNP-12v2.1 BeadChip (220 K; Illumina, Inc., San Diego, CA). Homozygous regions were calculated using HomozygosityMapper [12] with a lower threshold of 1 Mb. For mutation analysis specific primers were used to PCR-amplify the 26 coding exons of PROM1, including intron-exon boundaries. Primer sequences were as previously described [9] . PCR was performed in a 25 µl reaction volume in the presence of 5X Readymix (LAROVA GmbH, Teltow, Germany) and 10 pmol of each forward and reverse primers. Annealing temperature was 60 °C. Mutation screening was performed with direct sequencing with the BigDye Terminator Cycle Sequencing kit on an ABI 3130xl Genetic Analyzer (PE Applied Biosystems, Foster City, CA).
In vitro splicing assay: To create wild-type (wt) and mutant minigene constructs, DNA fragments harboring PROM1 Figure 1 . The PROM1 protein. A: Shown is a schematic representation of the PROM1 protein and the location of pathogenic mutations reported to date. For frameshift and splicing mutations, the mark indicates the location of the first affected amino acid. The location of amino acids I761-L791, encoded by exon 22, is indicated. The illustration is based on [16] . B: Evolutionary conservation of the PROM1 second extracellular loop. The analysis was performed with the ConSurf Server based on 108 PROM1 orthologs. Amino acids 761-791, included in the deletion, are marked by a box. e, an exposed residue; b, a buried residue; f, a predicted functional residue (highly conserved and exposed); s, a predicted structural residue (highly conserved and buried). C: Multiple sequence alignment of PROM1 amino acids encoded by exon 22 in various organisms. Conserved amino acids are indicated by a black background. Similar amino acids are indicated by a gray background. exons 21, 22, and 23, each flanked by 68-232 bp of intronic sequences, were PCR amplified from the genomic DNA of patients and controls. The fragments were inserted in tandem into the pCMV-Script mammalian expression vector (Stratagene, La Jolla, CA). Constructs were transfected into COS-7 cells, using the jetPEI transfection reagent (Polyplus transfection, Illkrich, France). Cells were cultured in DMEM culture medium supplemented with 10% fetal bovine serum (Biologic Industries, Beit Ha'emek, Israel) and maintained at 37 °C and 5% CO 2 . Twenty-four hours following transfection, total RNA was extracted from cells with TRI reagent (Sigma-Aldrich, St. Louis, MO). Reverse transcription was performed with 1 μg of total RNA in a 20 μl reaction volume using 200U of M-MLV Reverse Transcriptase and 100 ng of random primers (Stratagene, La Jolla, CA). Two μl of cDNA were subjected to PCR amplification with primers located in exons 21 and 23. COS-7 cells used for this experiment were authenticated by genotyping four short tandem repeat (STR) markers (D17S1304, D5S1467, D4S2408, D19S245). Genotyping was performed by PCR amplification of each STR and direct sequencing, as described by Almeida et al. [13] . Results (in terms of repeat number for each STR) were compatible with those described for COS-7 cells [13] (Appendix 1).
RESULTS
Clinical findings:
Family TB126 is a Jewish family of Kurdish Iraqi descent. The parents are remotely related, and three of their four offspring were diagnosed with CRD ( Figure 2A ).
The family members underwent extensive electrophysiological and clinical testing to define the type of retinal disorder (Figures 3 and Figure 4 and Table 2 ). The eldest daughter (individual II-1) first complained of visual deterioration at the age of 7 years and was diagnosed with CRD at the age of 9 years. At this age, her ff-ERG test showed sub-normal photopic retinal function and normal scotopic retinal function. Over the next few years, she had symmetric progressive visual deterioration accompanied by progressive central visual field loss and reduction in night vision. At the age of 17 years, she complained of glare, deficient color vision, and night vision abnormalities. Her central VF was severely compromised presenting small paracentral islands of residual vision. Funduscopy of both eyes revealed macular confluent sheen with central pigmentary dispersion and paracentral pigmentary deposits (bull's-eye maculopathy), associated with peripheral depigmented areas ( Figure 3A ,B). On OCT imaging, thinning of the inner retina and absence of the photoreceptor cell layer were observed ( Figure 3D ,E). ff-ERG responses were indicative of severely reduced cone function and rod function of the peripheral retina under photopic and scotopic conditions ( Figure 4 , first row and Table 2 ). The VEP recordings in response to pattern reversal visual stimuli were severely compromised even in response to the largest check size (144 min of arc), indicating significantly reduced visual acuity and abnormal macular function of both eyes. The flash VEP responses consisted of waves of normal amplitude appearing at normal implicit time, indicating normal conductance in the optic nerves from each eye to the visual cortex. The Arden ratio of the electro-oculogram (EOG) results was within the normal range in both eyes, indicating normal function of the RPE layer ( Table 2) . mf-ERG recorded at the age of 19 years did not demonstrate measurable responses.
Individuals II-3 and II-4 are dizygotic twins ( Figure  2A ). Individual II-3 complained of glare and night vision abnormalities since the age of 6 years. At the age of 8 years, she had reduced visual acuity. VF testing showed bilateral paracentral scotomas. Funduscopy revealed tiny pigmentary dispersion at the macular area with depigmented flecks at the mid-periphery. Macular OCT revealed thinning of the inner retinal layers and irregularity of the photoreceptor cell layer ( Figure 3G,H) . ff-ERG indicated severely reduced photopic and scotopic retinal function (Figure 4 , second row and Table  2 ). The bright flash ERG response was better than that of her older sister (II-1; Table 2 ). The pattern VEP responses included P 100 waves of normal amplitude and delayed latency, indicating reduced visual acuity and subnormal macular function. Flash VEP recordings in response to bright light stimuli consisted of waves of normal amplitude and normal implicit time, indicating normal transmission of the visual pathways (Table 2) . mf-ERG recordings were performed using a 103-hexagon array, which stimulated the central 80° of the retina. Foveal response amplitudes were severely reduced, while peripheral responses (starting from 10° radius from fixation point) were better preserved but demonstrated amplitude reduction and delayed implicit times ( Figure 3I ).
Individual II-4 started complaining of subnormal vision, defective color saturation, and photosensitivity at the age of 9 years. VF testing showed bilateral extensive central scotomas. His fundus appearance revealed yellowish central spots ( Figure 3C ). Macular OCT revealed thinning of the inner retinal layers, irregularity of the photoreceptor cell layer, and thinning of the RPE ( Figure 3F ). Flash ERG on a short protocol indicated severely reduced photopic retinal function and moderately reduced scotopic retinal function ( Table  2 ). The pattern VEP recordings in response to the pattern reversal stimuli of different check sizes included P 100 waves of slightly reduced amplitude appearing at prolonged implicit time, indicating reduced visual acuity and subnormal macular function. The flash VEP recordings in response to bright light stimuli were normal, reflecting normal conductance of the visual pathways (Table 2) . mf-ERG recordings were performed using a 37-hexagon array, which stimulated the central 48° of the retina. Response amplitudes were severely reduced in all points tested. Central response amplitudes were more severely reduced, with relative preservation of response amplitudes in the peripheral nasal retina (12° radius from fixation point; Figure 3J ).
Genetic analysis:
Family TB126 is consanguineous, and CRD segregates in an autosomal recessive mode. We therefore performed genome-wide homozygosity mapping using the HumanCytoSNP-12v2.1 BeadChip (220 K) on two affected individuals (Figure 2A , individuals II-1 and II-3). Several homozygous intervals ranging from 2.5 to 16.7 Mb were shared among the affected individuals. The only IRD causative gene included in a homozygous interval was PROM1 (Table 3) . Sequence analysis of the 26 coding exons of PROM1 in one affected individual revealed no mutations in the coding sequence or in intronic splice sites. However, in intron 21 and proximate to the intron-exon junction, we observed a combination of a single base transverion at position −6 (g.4:15985984 C>G; c.2281-6C>G) and a 10-base deletion between positions −26 and −17 (g.4:15985995-15986004del; c.2281-26_-17del), both in a homozygous state Figure 2B ; cDNA position refers to GenBank accession number NM_006017; genomic positions refer to reference genome GRCh37/hg19). c.2281-6C>G is a known single nucleotide polymorphism (SNP; dbSNP ID: rs3815344). In a panel of 101 ethnically-matched healthy control individuals, we found 11 homozygotes and 48 heterozygotes for the G allele. In contrast, c.2281-26_-17del was not detected in the 1000 genomes database, in the ExAC Browser, or in the same panel of 101 ethnically-matched controls. In addition, c.2281-26_-17del cosegregated with the disease in the family, while c.2281-6C>G appeared in a homozygous state in the unaffected mother (Figure 2A ).
In silico analysis of c.2281-26_-17del:
Due to the proximity of c.2281-26_-17del to the intron-exon junction, we hypothesized that the deletion might affect splicing. To test this hypothesis, we first performed in silico analysis of the sequence using two web-based tools: Splice Site Prediction by Neural Network and SplicePort. Both predicted that the deletion leads to elimination of the intron 21 acceptor site. According to SplicePort, the deletion would lead to elimination of the intron 21 acceptor site with either a C or a G at the −6 position. According to Splice Site Prediction by Neural Network, a combination of the deletion with a C at position −6 would lower the score of the acceptor site, while a combination of the deletion with a G at position −6 (as it appears in our patients) would completely eliminate it (Table 4) .
We then analyzed the sequence for the existence of splicing enhancer sequences, with the web-based tool Human Splicing Finder (HSF). The analysis indicated that a recognition site for serine/arginine-rich splicing factor 2 (SRSF2; previously known as SC35) [14, 15] is located between positions −25 and −18 of intron 21. This site (TTTCCCTG) is included in the c.2281-26_-17 deletion ( Figure 2B ).
In vitro splicing assay:
RT-PCR analysis of PROM1 expression in white blood cells and skin fibroblasts was negative. Therefore, we could not evaluate the effect of the deletion on splicing in patient-derived RNA. Alternatively, we used an in vitro splicing assay approach. For this purpose, we created a set of minigene constructs that harbor PROM1 exons 21 to 23, flanked by 68-232 bp of intronic sequences, downstream of a cytomegalovirus (CMV) promoter ( Figure 5A ). Constructs were transfected into COS-7 cells, followed by RNA extraction and RT-PCR analysis with primers located in exons 21 and 23 . To analyze the results, we sequenced the splicing products derived from each construct. cDNA derived from the construct harboring the c.2281-6C allele yielded two products: a main product harboring exons 21, 22, and 23 (ex22+) and a minor product in which exon 22 was skipped (ex22-). cDNA derived from the construct harboring the c.2281-6G allele yielded two products: a main product in which exon 22 was skipped (ex22-) and a minor product harboring exons 21, 22, and 23 (ex22+). Interestingly, cDNA derived from the constructs harboring the c.2281-26_-17 deletion, with either a C or a G at position −6, yielded only the ex22-product ( Figure 5B ). These results are in agreement with the in silico predictions. They suggest that some degree of alternative splicing of exon 22 may occur normally, the c.2281-6C>G polymorphic allele further weakens the intron 21 acceptor splice site and enhances the skipping of exon 22, and the c.2281-26_-17 deletion leads to full skipping of exon 22. The PROM1 protein is 865 amino acids (aa) long. It has five transmembrane domains, with an extracellular N-terminus, a cytosolic C-terminus, and two large extracellular loops [16] (Figure 1A ). Skipping of exon 22 is expected to lead to an in-frame deletion of 31 aa (p.I761-L791del). AA 761-791 are located at the second extracellular loop, adjacent to the fifth transmembrane domain ( Figure 1A) . Bioinformatic analysis by the ConSurf Server using 108 PROM1 orthologs predicted that the region encoded by aa 761-791 is relatively conserved and includes two structurally important residues (highly conserved and buried) and six functionally important residues (highly conserved and exposed; Figure  1B ,C). In addition, DisEMBL, an intrinsic protein disorder predictor, predicted that the deletion would lead to a reduced disorder at the C' end of the protein, while the Chou and Fasman secondary structure prediction server predicted loss of a turn as a result of the deletion. These predictions imply that skipping of PROM1 exon 22 would have structural and functional consequences at the protein level. These changes appear to be tolerated if the exon 22-transcript is combined with another splice variant including exon 22 (exon 22+).
DISCUSSION
The aim of the current study was to investigate the genetic basis for CRD in a consanguineous Israeli family. Genetic analysis revealed a novel and unique intronic mutation of the PROM1 gene. The phenotype associated with this mutation is autosomal recessive CRD, including progressive visual loss, central scotomas, photosensitivity, deficient color saturation, and slowly decreasing night vision. Judging from the medical history and the current clinical and electrophysiological data of the affected family members, we can conclude that the central scotoma slowly expands with time toward more peripheral VF regions and that night vision and VF will continue to deteriorate. A similar phenotype was described in additional patients with PROM1 mutations (Table 1) .
Of the 21 PROM1 pathogenic mutations reported to date, six are splicing mutations. Five of these are located within canonical splice sites (Table 1) . Interestingly, a deep Constructs were transfected into COS-7 cells, followed by RNA extraction and RT-PCR analysis. cDNA derived from wt constructs yielded two products, with and without exon 22. cDNA derived from constructs harboring the deletion yielded only the ex22-product. intronic mutation located in PROM1 intron 18, which leads to pseudoexon activation, was recently reported [17] . The deletion reported here is also unique, since it leaves the canonical splice site intact, and yet it affects splicing and leads to complete skipping of exon 22. This effect may result from elimination of a potential recognition site for a known splicing factor, SRSF2, which is located within the deleted sequence.
c.2281-26_-17del was linked to a known polymorphic allele, c.2281-6C>G. Based on the 1000 Genomes database, this SNP has a minor allele frequency of 17%. In our ethnically matched control group, we found an even higher allele frequency, 34%. The in silico and in vitro analyses indicated that alternative splicing of exon 22 is a normal phenomenon, which occurs to some extent in the presence of the wt allele (c.2281-6C and no deletion). The result is an in-frame deletion of 31 aa, which is predicted to yield a shorter protein variant. The presence of long and short variants may be functionally significant. The c.2281-6G allele significantly reduces the effectiveness of the intron 21 acceptor site and enhances the trend of exon 22 skipping (Table 4 and Figure 5 ). This effect probably results from the fact that c.2281-6C>G resides within the polypyrimidine tract and replaces a pyrimidine (C) with a purine (G). The resulting level of exon 22 skipping is surprising, given the high frequency of healthy individuals who are homozygotes for this allele. Probably in these individuals the level of PROM1 transcripts harboring exon 22 is sufficient to maintain normal retinal function. Nevertheless, while based on our findings, complete skipping of exon 22 is not compatible with normal retinal function and leads to childhood-onset retinal degeneration, the c.2281-6G allele may be a risk factor for milder retinal phenotypes, such as age-related macular degeneration. It would be interesting to test this hypothesis by analyzing data from genome-wide association studies performed with SNP arrays that contain this common SNP. However, this is beyond the scope of the current study. In conclusion, this report expands the spectrum of pathogenic mutations of PROM1 and further demonstrates the importance of intronic mutations.
APPENDIX 1. STR ANALYSIS OF COS-7 CELLS.
To access these data, click or select the words "Appendix 1".
